Phylogenetic relationships of 69 neonatal meningitis Escherichia coli strains isolated worldwide were studied. Restriction fragment length polymorphism of rrn operons (rrn RFLP) in these isolates was compared with that of the 72 strains of the ECOR reference collection. Distributions of K1 antigen, of polymerase chain reaction -detected ibe10 gene, pap, afa, sfa/foc, hly, and aer operons, and of a 14.9-kb rrn-containing HindIII fragment previously associated with neonatal meningitis were compared. Oligoclonality was observed for the meningitis strains. Factorial analysis of correspondence on the rrn RFLP data showed a frequency gradient of meningitis strains from the phylogenetic B2 group (68%) to the A group (6%), via the D and B1 groups (26%). The distribution of the virulence determinants argues for their horizontal transfer during the evolution of E. coli. Analysis of the status of some neonates further suggests that neonatal meningitis results from a balance between bacterial genes of virulence and host factors.
The species Escherichia coli has the two characteristics of markers [9] . Although E. coli clones causing neonatal meningitis have been directly linked to other collections of extraintestiencompassing both commensal and pathogenic strains that cause a wide range of specific pathologies and of having been nal E. coli causing infection [10, 11] , the phylogenetic position of these clones within the ECOR collection [12] is not readily [1] and still being the most thoroughly studied bacterial species. The complete nucleotide sequence of the E. coli K12 chromoavailable. Pathogenic determinants for E. coli meningitis identified thus some is now available [2] . These characteristics can be used as an advantage to try to decipher the pathophysiology of hufar include essentially surface structures and adhesins. For instance, epidemiologic [13 -15] and experimental [16, 17] studman E. coli infections by studying the genetic relationships between strains causing a specific type of infection within the ies have clearly linked neonatal meningitis with E. coli strains expressing the K1 antigen. genetic diversity of the species as a whole.
Neonatal hematogenous E. coli meningitis still remains a S fimbria adhesins (sfa/foc) [18] and the product of the ibe10 gene [19] have been shown to promote, respectively, receptorsignificant health problem [3] . Previous studies have shown that this very specific pathology is associated with a limited mediated adhesion and invasion of brain microvascular endothelial cells. These pathogenic determinants are chromosomally number of clones, in sharp contrast with the wide genetic diversity of the human commensal E. coli isolates. These studies, encoded and often involve several genes linked on a specific stretch of the bacterial chromosome [20, 21] , the so-called essentially based on the analysis by multilocus enzyme electrophoresis [4] and on the analysis of restriction fragment length ''pathogenicity islands.'' For example, E. coli strains causing pyelonephritis possess two pathogenicity islands that contain polymorphism in and around rrn operons (rrn RFLP) (ribotyping) [5] , can be considered valid, as horizontal gene transfer two distinct genes related to the associated pili (pap), a hemolysin structural gene, and sfa transcriptional activators [22] . At observed in E. coli does not disrupt the clonal structure of the population [6 -9] . Indeed, there is a good correlation between this stage, there is no information concerning the mechanism by which bacteria may acquire the chromosomal determinants the various phylogenies established with different genetic that make them virulent. Finally, it is clear that none of the determinants described thus far is sufficient by itself to account for the virulence properties of strains causing neonatal meningitis. It is thus very the 14.9-kb HindIII fragment has also been studied.
The positive control was DNA from strain S25 (C5), in which the ibe10 gene has been detected earlier by Southern blotting [19] . Hemolysin (hly) and aerobactin (aer) operons were detected by
Material and Methods
PCR in conditions as above. Primers for hly operon amplification Bacterial strains and patient characteristics. Sixty-nine (sense: 5-AGGTTCTTGGGCATGTATCCT-3; antisense: 5-strains were recovered from the cerebrospinal fluid of 69 neonates TTGCTTTGCAGACTGCAGTGT-3) were positioned to obtain a with meningitis in different countries on three continents (table  556- performed on crude bacterial lysates), both chromosomal and plasHacker (Institut für Genetik und Mikrobiologie, Würzburg, Germidic aer operon were amplified. Positive control strains for hly many): strains IHE 3034 (S17) and IHE 3036 (S14) were isolated and aer operon amplification were E. coli J96 and E. coli S13 in Finland in 1977, strains A21 (S13) and RS176 (S16) in the (A21) [18] , respectively. United States in 1974, and strain A1521 (S15) in Germany in 1974 Statistical analysis. The rrn RFLP data were summarized as [24] . Sixteen cerebrospinal fluid strains isolated in North America two-way tables of 72 rows for the 72 ECOR strains [9] and of 69 were provided by R. Bortolussi (Childrens' Hospital, Halifax, Canrows for the 69 E. coli strains from meningitis, with the number ada) [25] . The last 4 strains were a generous gift of M. Benbachir of columns corresponding to the number of rrn-containing DNA (Microbiology Department, Casablanca, Morocco) and correspond fragments detected by HindIII and EcoRI endonucleases. For each to isolates from Casablanca. Forty-three of these strains have been column, the rrn-containing fragment was coded as a binary code, previously studied [5] . The set of 72 E. coli reference strains present Å 1 or absent Å 0, according to the strains. A factorial (ECOR) [12] was provided by R. Selander (Department of Biolanalysis of correspondence (FAC) [33] [34] [35] was conduced on the ogy, University of Rochester, Rochester, NY). The ECOR strains ECOR strain data. The data on the 69 meningitis strains were have been characterized for the electrophoretically detected allelic considered supplementary observations and projected on the factovariants of 38 enzymes [26, 27] and for rrn RFLP and randomrial plane F1, F2 (see figure 1 ) obtained with the ECOR strains. amplified polymorphic DNA (RAPD) analysis [9] . Analysis of the The computations were obtained by use of Stat-ITCF software genetic distance matrix by the neighbor-joining method has divided (Institut Technique des Céréales et des Fourrages, Paris). Distributhe strains into 4 main phylogenetic groups (A, B1, B2, D), plus tions of the K1 antigen, of the adhesin-encoding, hly, and aer 1 accessory group containing strains ECOR 31, 37, 42, and 43 operons, of the ibe10 gene, and of the 14.9-kb rrn-containing [23] . Clinical data were used to classify 23 neonates seen in France HindIII fragment were analyzed among the phylogenetic groups, as normal-risk or high-risk neonates according to the criteria of and statistical significance between the groups was tested by the Tullus et al. [28] .
x 2 test. Capsular typing. K1 antigen determinations were made with an antiserum to Neisseria meningitidis group B [29] .
rrn RFLP analysis (ribotyping). Total E. coli DNA was preResults pared as previously described [30] . It was digested with EcoRI and HindIII and subjected to Southern blotting analysis with ribosomal
Genetic diversity of E. coli strains causing neonatal meningi-
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RNA from E. coli as a probe [31] . The probe was labeled tis. For the 69 E. coli meningitis strains we studied, depending by random oligopriming with a mixture of hexanucleotides (Pharon the strain, EcoRI and HindIII digestions generated 5 -9 and macia, Uppsala, Sweden) and cloned Moloney murine leukemia 5 -10, respectively, 2.5-to 23-kb rrn-containing fragments. patterns were observed with EcoRI and HindIII, respectively. many). Procedure for the chemiluminescence detection was as already reported [31] .
EcoRI and HindIII patterns were combined to define a ribotype.
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* Strains S13, S14, S15, S16, and S17 correspond to strains A21, IHE 3036, A1521, RS 176, and IHE 3034 [24] , respectively, while strain S25 corresponds to strain C5 [19] .
† For French isolates, name of city is indicated.
Altogether, 40 ribotypes were observed. Nineteen strains exhibspace by replacing the original data set by a new set of orthogonal linear coordinates in a space of significantly lower dimenited identical ribotypes. Four other ribotypes were found six, four, three, and two times, while the remaining 35 strains exhibsion. The explained variances of the elements of the data set are in decreasing order of magnitude with respect to these new ited unique ribotypes. This grouping was not correlated with the geographic origin nor the year of isolation, as the major coordinates.
A FAC was carried out with the ribotyping data resulting ribotype was observed for strains isolated in several French hospitals and in Finland (S14 Å IHE 3036) between 1977 and from the combination of the two endonuclease patterns for the 72 ECOR strains [9] , and the plane F1, F2 was obtained (figure 1996. A strain from the United States (S16 Å RS176) and 3 strains from Morocco (S59, S60, S61) exhibited identical 1). The 69 E. coli meningitis strains, considered as supplementary observations, were projected in the plane F1, F2. This plane, ribotypes, and 2 strains from North America (S25, S26) were indistinguishable from a French isolate (S30). As a comparison, which accounted for 44.9% of the total variance, classified most of the ECOR strains within the 4 phylogenetic groups, A, B1, by use of the same genotyping strategy, 35 ribotypes were found, with no types shared by ú2 strains, among 39 E. coli B2, and D, previously distinguished by multilocus enzyme electrophoresis [23] and by RAPD [9] . Forty-seven E. coli meningitis K1 strains recovered during the 38th week of pregnancy in cultures of vaginal specimens from 39 asymptomatic women strains were clearly distinguished by the negative values of the first axis and unambiguously classified in the phylogenetic group attending a single hospital (Robert Debré Hospital, Paris) from 1989 through 1993 and whose newborns remained healthy [5] .
B2. The unique ribotype exhibited by 19 clinical strains was the ribotype of the strains ECOR 61 and ECOR 62 belonging to Thus, E. coli strains causing meningitis worldwide are less heterogeneous than human commensal strains isolated in one the B2 group. Four strains (S33, S41, S42, and S55) were projected on the positive values of the two axes and were clearly single location. EcoRI and HindIII digests distinguished 64 ribotypes among the 72 ECOR strains [9] . classified in the phylogenetic group A. Fourteen strains (S11, S13, S16, S18, S24, S27, S29, S36, S39, S58, S59, S60, S61, Distribution of the meningitis strains among the E. coli phylogenetic groups. To assess the phylogenetic relationships and S64) were classified in the phylogenetic group D, whereas the remaining 4 strains (S51, S62, S63, and S71) were identified among the strains, statistical analysis by FAC was done with the rrn RFLP data obtained for the meningitis and ECOR [9] in the phylogenetic group B1 (table 1) . Thus, a gradient in the number of strains involved in neonatal strains. FAC is a multidimensional statistical analysis based on the main axes of inertia of a scatter plot associated with strains meningitis is observed from the B2 group to the A group via the D and B1 groups. Interestingly, this gradient is in correladescribed by the variables. In most cases, the first few principal axes (F1, F2) account for the majority of the variability in the tion with the genetic distance between the B2 group and the A group, which corresponds to a marked or ancient divergence original data. The technique describes the dispersion and shape of a cloud of n objects or p variates in a multidimensional during evolution [23] .
Distribution of virulence genes among the E. coli phyloge-
association between the presence of the sfa/foc operon and the B2 phylogenetic group for both the meningitis and the ECOR netic groups. The presence or absence of the K1 antigen, of the PCR-detected pap, afa (a fimbrial adhesin), and sfa/foc strains. Indeed, all of the sfa/foc-positive strains belonged to the rrn RFLP-defined B2 group, except for 2 strains (ECOR adhesin-encoding operons, of hly and aer operons, and of the ibe10 gene was studied for the meningitis and the ECOR 58 and ECOR 67), but these 2 strains were positioned within the B2 group by RAPD analysis [9] . In addition, ECOR strain strains, and the distribution of these virulence markers was determined within each phylogenetic group. The presence or 67 exhibits a B 2 -type carboxylesterase B [26] . Second, the ibe10 gene is also found essentially in meningitis and ECOR absence of the 14.9-kb rrn-containing HindIII fragment was also studied [5] .
strains of the B2 group (34% of the B2 groups and 4% of the E. coli of other groups, x 2 Å 22.24, P õ .001), and the ECOR Our PCR results were in accordance with those obtained from the detection of the sfa/foc and pap, hly, and aer operons 67 strain is also ibe10-positive. Within the B2 group, ibe10 is significantly more frequently detected in strains that are posiwith DNA probes and a dot blot procedure for the 5 strains (S13 -S17) provided by J. Hacker [24] and with the ibe10 tive for the sfa/foc operon than in strains that are negative for the sfa/foc operon (53% and 9%, respectively, x 2 Å 12.6, P Southern blotting data for the S25 (C5) strain [19] . A comparison between the meningitis and ECOR strains (tables 2 and 3) õ .001). However, 2 ibe10-positive meningitis strains belong to the group D (S11 from Paris and S36 from North America). shows a global frequency increase for the presence of the pap and sfa/foc adhesin and aer operons and of the ibe10 gene in Third, the situation is different for the pap operon, because opposite situations are observed for the meningitis and the the meningitis strains. No difference in the frequency of the afa adhesin operon and hly operon was observed, but the occur-ECOR strains. For the ECOR strains, its frequency is higher in the B2 group: 60%, versus 42% in group D (x 2 Å 0.898, P rence of these operons is a rare event in both groups of strains.
Analysis of these data according to the phylogenetic groups õ .01) and versus 8% in group A (x 2 Å 12.715, P õ .001). For the meningitis strains, its frequency is lower in the B2 revealed some striking features. First, there is a very strong / 9d41$$mr05 01-27-98 15:09:07 jinfa UC: J Infect (14) 11 (79) 11 (79) 0 1 (7) 2 (15) 1 (7) 11 (79) 10 (71) All groups (69) 57 (83) 37 (54) 28 (41) 2 (3) 22 (32) 6 (9) 55 (80) 49 (71) NOTE. Data are no. (%).
group (47%) than in the D group (79%) (x 2 Å 4.383, P õ .05) the ECOR and the meningitis strains; this distribution most notably identifies, among the B2 strains, a subgroup in which and in the A group (75%). Within the B2 groups, a significant difference is found between the ECOR and the meningitis some of these virulence markers are grossly enriched and which corresponds to the meningitis strains. strains (60% vs. 47%, x 2 Å 0.791, P õ .01). Fourth, the 14.9-kb HindIII fragment is observed at a significantly higher Phylogenetic groups of the meningitis strains and clinical status of the neonates. Clinical data were available for 23 frequency in meningitis strains than in ECOR strains. The same difference is also found in group B2 (83% and 27%, respecneonates from whom strains were isolated in France. These neonates were classified in high-risk or normal-risk groups as tively) (x 2 Å 16.96, P õ .001) and group D (71% and 42%, respectively). Fifth, the hly operon is almost always found in defined by Tullus et al. [28] (table 4). All strains of the phylogenetic A group were isolated from high-risk patients, while the the B2 group strains, and within the B2 groups, a clear difference is observed between the ECOR and the meningitis strains, majority of B2 group strains were isolated from normal-risk neonates. One B1 group and 2 D group strains were isolated as only 11% of meningitis strains harbored hly operon compared with 47% of ECOR strains (x 2 Å 9.456, P õ .01). Sixth, from normal-risk neonates. as observed within the ECOR collection, meningitis strain aer determinants belong to all phylogenetic groups. Discussion Thus, virulence markers are present in all of the phylogenetic groups of the E. coli species. Those previously reported as Knowledge of the structure of bacterial populations is a prerequisite to the understanding of the epidemiology of infecbeing linked to neonatal meningitis are present in the phylogenetic groups B1 and D but are at their highest frequency in tious diseases. The interpretation of molecular epidemiologic data obtained within a species is largely dependent on the level group B2. One of them, the sfa/foc operon, is restricted to this latter group. The distribution of these markers is different for of horizontal exchanges between strains. Indeed, the level of (15) 9 (60) 10 (67) 1 (7) 2 (13) 7 (47) 6 (40) 4 (27) D (12) 5 ( (72) 17 (24) 12 (17) 2 (3) 3 (4) 8 (11) 21 (29) 15 (21) NOTE. Data are no. (%). Strains ECOR 58 and ECOR 67 were positioned within B2 strains by random-amplified polymorphic DNA analysis [9] , and ECOR 67 exhibits B 2 -type carboxylesterase B [26] . obtained from meningitis (68%) than among the strains isolated from other E. coli extraintestinal infections (40%) [41, 43].
As previously described, 83% of the studied neonatal meningitis strains have the K1 antigen. Here, we show that the presthese exchanges conditions the structure of a bacterial population that may range from highly sexual to almost strictly clonal ence of the pap and sfa/foc adhesin-encoding operons, the aer operon, and the ibe10 gene is significantly higher in meningitis [7, 8] . It becomes more and more evident that specific bacterial pathogenicities are each linked to a specific clone or group of strains than in ECOR strains. Interestingly, the pap adhesinencoding operon, which shows a high prevalence among uroclones [36] . Continuing new insights into host-parasite interactions at the molecular level will be obtained by combining pathogenic E. coli strains (75% -80% of pyelonephritis strains) [32] , is observed in 46% of the meningitis strains compared population genetic analysis of pathogens within their species together with the analysis of virulence and antibiotic resistance with 24% of the ECOR strains. The low prevalence of hly operon within B2 group meningitis strains (11%) has been genes [36, 37] .
In E. coli, horizontal exchanges of genetic material do occur, previously reported [15, 44] and contrasts with its higher prevalence in B2 ECOR strains (47%). The sfa/foc operon was obbut the overall structure of the population remains clonal [6, 9] . As a success of the approach mentioned above, it has been served significantly more often (44%) in the studied meningitis strains than in uropathogenic strains (19% -23%) or in the shown that E. coli strains causing hemorrhagic colitis and hemolytic-uremic syndrome belong to a few groups of related ECOR strains (17%). The most drastic difference between the meningitis strains and the ECOR strains is observed for the organisms, including O157:H7 and O103:H2 clones [36, 38] . Phylogenetic hypotheses have been proposed to explain the ibe10 gene (32% vs. 4%), confirming the role of this gene in the pathophysiology of meningitis in newborns [19] . The presemergence of these new diseases, as the O157:H7 clone is closely related to a clone of O55:H7 strains previously shown ent data confirm in a larger series our previous observation that the 14.9-kb HindIII fragment is the most discriminative marker to be involved in infantile diarrhea worldwide [39] , whereas the O103:H2 clone has a common origin with a clone associreported to date between commensal and meningitis E. coli K1 isolates. Altogether, 64 meningitis strains (93%) harbor at least ated with diarrhea in weaned rabbits in France [38] . Likewise, on a rather short series of strains, Selander et al. [4] have shown one of the virulence factors known to be implicated in newborn meningitis (K1, sfa/foc, ibe10, 14.9-kb fragment). This fact that the number of electrophoretically defined E. coli clones causing neonatal sepsis and meningitis is smaller than that could be used as a predictive factor in E. coli newborn meningitis [5] . occurring in healthy intestinal floras. These authors suggest that oligoclonality extends to all strains isolated from blood, When phylogenetic analysis of these virulence factors is done, a striking difference is observed between the sfa/foc with or without concomitance of meningitis. However, more data are needed to drive definitive conclusions on the relationoperon, on the one hand, and the other pathogenic determinants, including the K1 antigen, the pap operon, the 14.9-kb HindIII ships of neonatal meningitis strains, as all of the strains initially studied originated from Finland, only 13 strains were isolated fragment, the ibe10 gene, and the hly operon, on the other hand. The sfa/foc operon is strictly restricted to strains of the from the cerebrospinal fluid, the genetic relationships of the clinical strains were not analyzed in the context of the species phylogenetic B2 group. Similarly, Maslow et al. [11] reported that within adult bloodstream isolates, the presence of this as a whole, and the clinical status of the host was not characterized.
operon was restricted to one cluster. In contrast, the other pathogenic determinants, although being predominant in the Our data, based on 69 strains causing neonatal meningitis isolated worldwide, confirm the oligoclonality of these strains, B2 group, are also distributed among the other phylogenetic groups. It can be proposed that most of the genes needed for mainly due to a high proportion of strains belonging to the phylogenetic group B2. Such an oligoclonality independent of causing neonatal meningitis belonged to the E. coli B2 phylogenetic group initially and that horizontal transfer of these genes the geographic origin of the strains has been reported in E. coli adult extraintestinal strains [10, 11, 40] . However, we find that has occurred toward the more genetically distant groups. The fact that the sfa/foc operon was not observed outside of the meningitis strains can belong to all of the phylogenetic groups / 9d41$$mr05 01-27-98 15:09:07 jinfa UC: J Infect phylogenetic B2 group may be because our sample was too with other extraintestinal E. coli strains suggests that neonatal E. coli meningitis represents a specific pathophysiologic entity. small or because it cannot be transferred out from this group of strains. In good agreement with the above considerations, Coexistence of pap and sfa/foc adhesin-encoding operons, the ibe10 gene, and K1 antigen, and the presence of the 14.9-kb we find a decreasing gradient in the frequency of meningitis strains from the B2 group to the A group, which corresponds HindIII fragment seem critical in the pathogenesis of neonatal meningitis. However, because some meningitis in normal-risk to the more divergent E. coli lineage from the A group [23] via the D and B1 groups. Thus, the efficiency of genetic exchange neonates was due to isolates that lacked these determinants, a role for other, as-yet-undefined virulence factors of the bacteria probably decreases as divergence between strains increases [45] . The occurrence of pathogenicity islands [46] and the is predictable. Now that the complete sequence of E. coli K12 has been determined [2] , sequencing of genomic DNA of protofinding that insertional sequences are often located in the vicinity of virulence-associated genes argue for the notion that virutype strains of the phylogenetic B2 group [52] will be important to undertake. Indeed, E. coli K12 belongs to the phylogenetic lence genes are indeed capable of disseminating among certain E. coli strains [21] . Horizontal transfer of pap has been pregroup A, and comparison of the two sequences can be expected to provide invaluable data concerning virulence in E. coli and viously reported [40, 47] . We sequenced the regions of the pap and sfa/foc operons chosen for the PCR detection in 12 of the lead to an understanding of the pathogenesis and pathophysiology associated with E. coli neonatal meningitis. meningitis and ECOR strains selected to represent the distinct phylogenetic groups. Our data yield additional arguments for horizontal transfer, as only two polymorphisms were observed
